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Preface 


This  report  is  the  first  of  a  series  relating  to  the  problem  of  dam- 
breach  floods,  and  describes  the  procedures  and  summarizes  th  T-esu3  of 
tests  made  in  a  model  flume  involving  its  natural  roughness  condit.  in.  A 
second  report  will  contain  additions1  >'».+■»  of  a  similar  nature  for  torts 
with  aa  artificial  roughness  added  to  the  flume.  It  is  planned  to  publish 
a  final  report  which  will  summarize,  further  analyze,  and  correlate  the 
data  previously  presented  in  the  preliminary  reports.  The  final  report 
will  also  present  a  method  or  predicting  tbe  stage  and  discharge  hydro¬ 
graphs  of  floods  released  by  the  sudden  breaching  of  dams. 

The  investigation  was  authorized  by  the  Office,  Chief  of  Engineers, 
as  a  part  of  R&D  Project  8-12-95-420  in  November  1955-  The  experiments 
reported  herein  were  conducted  during  the  period  July  1956  to  July  1958 
by  personnel  of  the  Hydraulics  Division  under  the  general  supervision  of 
Messrs.  E.  P.  Fortson,  Jr.,  and  F.  E.  Broun.  Mr.  G.  L.  Arbuthnot,  Jr.,  was 
directly  in  charge  of  the  study  and  was  assisted  by  Mr.  J.  N.  Strange.  De¬ 
sign  of  the  test  facilities,  evaluation  of  measuring  techniques,  operation 
of  the  model,  data  analysis,  and  correlation  of  results  were  accomplished 
by  the  following  personnel:  Cpl.  D.  J.  Sadar  (deceased),  SP-4  H.  B. 
Spalding,  SP-4  J.  D.  Laarrsan,  SP-4  T.  Schmidgall,  SP-4  N.  J.  Ferrell,  and 
Messrs.  S.  H.  Kalper,  B.  B.  Boggan,  and  G.  A.  Wilkerson. 

Programs  for  the  IBM  650  computer,  used  in  certain  of  the  numerical 
procedures,  were  written  by  Mr.  J.  M.  Pjn.kr.fon,  SP-4  S.  Closs,  and  SP-4 
J.  D.  Laarman. 

The  consultative  services  of  Drs.  G.  H.  Keulegan,  R.  ?.  "'ressler, 

H.  Rouse,  A.  T.  Ippen,  and  Messrs.  R.  L.  irvin  and  F.  i*  karkoxow  are 
gratefully  acknowledged. 


Directors  of  the  Waterways  Experiment  Station  during  the  tests  re¬ 
ported  herein  and  preparation  of  this  report  were  Col.  A.  P.  Rollins,  Jr., 
CE,  and  Col.  Edmund  H.  Lang,  CE.  Technical  Director  was  Mr.  J.  B.  Tiffany. 
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Notations 


A  Area  of  flow,  sq.  ft 

D.  Distance  from  original  water  surface  to  bottom  of  breach  (depth  of 
D  breach),  ft 

O 

g  Acceleration  of  gravity,  32.2  ft/sec 

«  Length  of  reservoir,  200  ft 

n  Manning's  coefficient  of  roughness,  seo/ffL,/^ 

Q  Discharge  at  dam,  cu  ft/sec 

Q,  Base  flow  discharge,  cu  ft/sec 
0 

Snax  Maximum  discharge  at  dam,  cu  ft/sec 
Qd  Discharge  at  station  downstream  of  dam,  cu  ft/sec 
R  Hydraulic  radius,  ft 

5  Slope  of  energy  gradient,  dimensionless 
Sf  Slope  of  flume,  Sf  =  0.005,  dimensionless 

t  Time  after  breach,  sec 

t  Arrival  time  of  negative  or  positive  wave,  sec 

6 

tf  Duration  of  flood  wave,  sec 

t  Time  of  outflow,  sec 
o 

v  Velocity  of  flow  (average),  ft/sec 
v%  Velocity  of  confetti  (surface  velocity),  ft/ sec 

V  Volume  of  outflow,  cu  ft 
o 

V.,  Volume  of  reservoir  above  breach  level,  cu  ft 
/b 

V  Storage  volume  of  reservoir,  cu  ft 
s 

W.  Width  of  breach  at  original  water  surface,  ft 
0 

Wd  Width  of  dam  at  ong.mal  water  surface,  ft 

X,  Distance  downstream  from  dam,  ft 
d 

X^  Distance  upstream  frum  dam,  ft 


vii 


A 

y  Depth  of  water,  ft 

y  Average  depth  of  water,  ft  , 

y,  Depth  of  water  (stage)  downstream  from  dam,  ft 

CL  } 

y  Depth  of  water  (at  the  dam)  that  lies  above  the  breach  level  at 
°  time  t  after  breach,  ft 

y^  Depth  of  water  (stage)  upstream  from  dam,  ft 
Yq  Depth  of  water  at  dam  before  breach,  ft 
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Summary 
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The  purpose  of  this  study  was  to  obtain  experimental  stage  and  dis¬ 
charge  data  resulting  from  dam  breaches  in  a  model  flume.  This  informa¬ 
tion,  along  with  that  from  subsequent  tests,  will  be  used  to  verify  or  as¬ 
sess  the  reliability  of  theoretical  and  analytical  methods  developed  to 
predict  the  flood  magnitudes  resulting  from  dam  breaches  in  prototype 
conditions. 
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Toe  experimental  tests  were  conducted  in  a  sloped,  rectangular  flume 
with  the  dam  located  midway  of  its  length,  thus  permitting  both  upstream 
and  downstream  observations. 

Twelve  test  conditions,  each  representing  a  different  breach  pattern, 
were  simulated  with  no  base  flow,  and  five  test  conditions  were  simulated 
with  a  base  flow  included.  For  each  test  condition,  readings  were  made  to 
obtain  stage-time  records  at  various  stations  both  upstream  and  downstream 
from  the  dam  and  velocity-time  records  at  three  downstream  stations.  From 
these  records,  discharge-time  hydrographs  were  calculated  for  flow  through 
the  breached  section  and  for  3  downstream  stations. 

The  methods  used  in  obtaining  these  measurements  were  found  to  be 
satisfactory. 

As  a  result  of  these  tests,  conclusions  were  reached  regarding  the 
maximum  flow  through  a  given  breach,  the  maximum  stage  at  the  dam  and  down¬ 
stream.  stations,  the  propagation  of  the  negative  wave,  and  the  shape, 
velocity,  and  duration  of  the  positive  wave,  q 
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FLOODS  RESULTING  FROM  SUDDENLY  BREACHED  DAMS 


CONDITIONS  OF  MINIMUM  RESISTANCE 
Hydraulic  Laboratory  Investigation 


Introduction 

General  history 

1.  During  the  Second  World  War,  the  deliberate  breaching  of  the 

6* 

Mohne  and  Eder  Dams  in  Germany  created  disastrous  flood  waves  which  pro¬ 
duced  severe  damage  to  most  all  manmade  facilities  that  lay  in  the  flood 
plains  of  both  reservoirs.  As  a  result  of  the  breaching  of  the, Mohne  Dam, 
production  in  the  heavily  industrialized  Ruhr  Valley  was  seriously  cur¬ 
tailed,  thereby  affecting  the  flow  of  vital  war  materiel.  Furthermore, 
tranepe.  tation  and  commurucaticn  facilities  were  comparatively  inoperable 
throughout  much  of  the  region.  Prolonged  inundation  denied  the  enemy  di¬ 
rect  access;  to  the  area;  consequently,  recovery  and  renabitational  efforts 
were  seriously  delayed.  Sober  reflection  on  this  single  event  points  be¬ 
yond  question  to  the  fact  that  floods  resulting  from  suddenly  breached  dams 
can  be  effectively  used  either  in  offensive  or  defensive  situations. 

2.  The  degree  and  extent  of  the  damage  that  accompanies  a  major 
flood  are  proportional  to  the  height,  duration,  and  speed  with  which  the 
flood  wave  is  propagated.  These  factors  vary  with  the  characteristics  of 
the  river  channel  and  the  rate  of  flow  from  the  breached  dam,  the  latter 
being  affected  principally  by  the  size/shape  of  the  breach  and  the 
volume/shape  of  the  reservoir.  In  essence,  this  implies  the  larger  the 
breach,  the  more  severe  the  flood. 

3.  The  ability  to  extensively  breach  or  completely  destroy  a  given 
dam  was  multiplied  a  thousandfold  with  the  advent  of  the  nuclear- 
thermonuclear  family  of  weapons.  By  utilizing  these  energy  sources,  entire 
dams  can  be  removed  almost  instantaneously,  thus  releasing  the.  highest 
flood  wave  a  given  reservoir  is  capable  of  producing.  Consideration  of  the 
experiences  derived  from  World  War  II,  plus  the  added  capability  to  more 
extensively  breach  a  given  dam,  led  to  the  realization  that  a  i.-.oans  of  es¬ 
timating  the  depth,  duration,  and  extent  of  a  flood  wave  thus  <...cated  was 
extremely  desirable.  The  ability  to  forecast  the  magnitude  and  extent,  of 

*  Raised  number  u  refer  to  similarly  numbered  items  in  the  List  of  Refer¬ 
ences  that  follows  the  text  of  this  report. 
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an  anticipated  flood  would  permit  the  execution  of  countermeasures  that 
might  obviate  or  alleviate  seme  of  the  damaging  effects. 

4.  Until  recently,  little  experimental  work  had  been  accomplished 
with  regard  to  floods  resulting  from  suddenly  breached  dams.  Barre  de 
Saint  Tenant,  a  19th  century  engineer-mathematician,  considered  theoret¬ 
ically  the  dam-breach  problem  and  formulated  an  equation  of  the  free  sur¬ 
face  of  the  water  at  any  time  t  for  the  case  where  friction  was  neglected, 
where  the  entire  dam  was  instantly  removed,  and  where  the  slope  of  the  two- 
dimensional  flume  was  zero.  The  expression  developed  by  St.  Venant  is 
given  in  equation  1. 


VorXu>  .  i/7 

- =  2  -  i  Uy- 

tViC  O 


(i; 


=  1  ,  the  depth  of  flow  at  the  dam  is  equal  to  4/9 


With  X ,  =  0  and 
d 

St.  Venant  also  determined  that  the  maximum  discharge  flowing  through  the 
breach  was  related  to  initial  depth  of  reservoir  at  the  dam  and  the  width 
of  the  dam  (equation  2). 
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5.  Approximately  twenty  years  later,  A.  Bitter,"  using  the  previous 

work  of  St.  Venant,  developed  an  explicit  solution  of  the  problem  for  a 

two-dimensional  configuration,  a  horizontal  stream  hed  with  no  water  in  the 

channel  below  the  dam,  and  with  the  water  above  the  dam  at  rest.  Some 

12 

twenty-five  years  later.  Dr.  Armin  Schoklitsch  conducted  experimental 
studies  in  aii  effort  to  evaluate  resistance  effects  and  to  adequately  de¬ 
scribe  just  how  they  affect  the  dam-breach  problem. 

6.  During  the  next  twenty-five  years  a  few  other  researchers  inter¬ 
mittently  studied  the  problem  without  making  major  contributions  to  its 

o 

general  solution.  In  19*52,  Dr.  Robert  F.  Dressier  prepared  a  paper 
which  discussed  the  work  of  St.  Venant,  Ritter*,  and  Equiazaroff,  and  pre¬ 
sented  the  results  of  additional  theoretical  analyses  along  with  the  re¬ 
sults  of  rather  extensive  laboratory  experiments.  As  a  result  of  this 
work,  certain  refinements  to  the  general  theoretical  colut'o"  vor-  realized 
by  taking  into  account  the  resistance  to  flow.  Subsequent  theoretical  and 
experimental  work  ly  Dressier^  contributed  substantially  toward  an 
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understanding  of  the  behavior  of  the  flood-vavo  tip,  which  is  grossly  in¬ 
fluenced  by  the  turbulence  that  is  common  to  this  region  of  the  flood  wave. 

7.  Several  years  ago,  the  Military  Hydrology  Branch  (MHB)  of  the 

'Washington  District,  Corps  of  Engineers,*  was  requested  to  pursue  a  line  r 
st 1  iy  that  would  provide  the  Corps  of  Engineers  with  a  '••?able  solution  to 
the  J  "un-breach  problem,  a  solution  that  would  lend  itself  to  ready  use  by 
field  units,  and  one  that  would  satisfactorily  estimate  the  extent  and 
magnitude  of  a  flood  arising  from  an  assumed  breach.  A  thorough  review  of 
literature  dealing  with  the  dam-break  problem  was  made,  and  findings  were 
abstracted.  Using  the  knowledge  gained  in  the  literature  search  and  '  ..0 
laws  and  axioms  of  classical  hydrology,  an  analytical  solution  was  evolved 
wherein  breaches  of  varying  size  and  scape  wore  assort'd.  Various  channel 
slopes  wore  treated  for  a  single  channel  roughness  (n  =  0.03).  A  number  of 
reports  weie  published;  however,  the  main  eiiort  is  reflected  in  two  re- 
ports,  both  entitled  Flow  Through  a  Breached  Dam.  These  reports 

utilized  the  basic  principles  of  hydrology  to  formulate  a  method  of  pre¬ 
dicting,  with  limited  accuracy,  flows  through  a  breached  dam. 

Purpose  of  the  investigation 

8.  Because  only  a  limited  amount  of  experimental  data  was  available 
on  which  to  base  an  empirical  approach  to  the  problem,  it  wa3  decided  that 
a  broad  laboratory  investigation  was  needed  in  order  to  assess  the  reli¬ 
ability  of  the  theoretical  work  and  to  evaluate  the  exactitude  of  the 
analytical  approach  formulated  by  the  MHB.  Accordingly,  the  U.  S.  Army 
Engineer  Waterways  Experiment  Station  was  authorized  to  conduct  the  study 
as  a  part  of  Research  and  Development  Project  8-12-95-**20. 

Scope  of  the  investi¬ 
gation  and  this  report 

9.  The  study  was  to  include  determination  of  the  stage  and  discharge 
hydrographs  ux  dam,  and  at  several  stations  downstream  from  the  dam, 
for  various  sizes  and  patterns  of  breach  and  for  several  degrees  of  chan¬ 
nel  roughness.  Hovti\:r,  uecuuoe  of  fund  limitations  and  an  underestimation 
of  the  time  requires  to  accomplish  the  investigation,  data  will  be  obtained 
for  only  two  roughnesses. 


*  MHB  is  now  attached  to  Army  Man  Service,  CE. 
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10.  This  report  describes  the  test  facilities,  the  test  procedures, 
the  data-reeording  system,  tho  data-reduction  techniques,  the  test  condi¬ 
tions,  and  the  experimental  results  obtained  without  the  addition  of 
artificial  roughness  (n  ~  0.009).  A  second  preliminary  report  will  publish 
additional  data  from  tests  of  a  similar  nature  but  with  ro  .ghness  added  to 
the  bottom  and  sides  of  the  flume  (0.0’  <  n  <  0.15  depending  on  the  depth 
of  flow).  A  final  report  is  planned  chat  will  more  extensively  analyze  and 
interpret  the  data  presented  in  the  preliminary  reports  and  will  present  a 
method  for  estimating  the  magnitude  of  a  flood  resulting  from  the  sudden 
failure  of  a  given  dam  or  portion  thereof. 

Desr-iption  of  Tesc  facilities 


Test  flume 

11.  The  experiments  were  conducted  in  a  wooden  flume  4  ft  wide  and 
400  ft  long,  constructed  on  a  slope  equal  to  0.005  (fig-  l).  Water  was 


NOTE:  FLUME  WIDTH  =  4  FT 

Fie.  3 .  Schematic  diagram  of  flume 

impounded  at  station*  200  by  a  simulated  dam  (hereafter  referred  to  as  mod¬ 
el  dam)  to  a  depth  of  1  fl.  !fne  side  walls  of  the  flume  wera  21  in  high 
from  sta  0  to  sta  203,  and  16  in.  high  from  sta  208  to  sta  400.  The  righi 
wall  of  the  flume  from  sta  172  co  3ta  208  was  fabric -tea  of  glass  panels 

*  The  term  station  refers  to  distances  that  are  measured  horizontally  from 
the  upstream  end  of  the  flume  (upper  end  of  model  reservoir). 


Fig.  2.  Headway  foundation  and  upper 
end  of  flume  during  construction 


4  ft  long  and  21  in.  high  so 
that  visual  observation  of  flow 
patterns  beneath  the  water  sur¬ 
face  could  be  determined  in  this 
section.  The  glass  panels  also 
made  possible  more  accurate 
monitoring  of  the  stage  gages 
in  the  region  near  the  dam, 
where  changes  in  the  water  sur¬ 
face  elevation  with  time  were 
most  acute.  The  flume  was 
lined  with  3/8-in.  plastic- 
coated  plywood  (GPX  tan  6O/60) . 
This  material  was  selected  be¬ 
cause  of  its  ability  to  resist 
warping  and  deterioration. 

From  the  upstream  end  of  the 
flume  (sta  0)  down  to  sta  ICO, 
the  flume  was  supported  on 
4-in. -diameter  pipes  partially 


imbedded  in  concrete  footings. 

The  remainder  of  the  flume  (sta 
100  to  sta  4CO)  utilized,  the  side 
walls  of  an  existing  concrete  sump 
as  continuous  footings  upon  which 
were  placed  the  supporting  and 
framing  members  of  the  flume. 

Figs.  2,  3,  and  4  show  the  flume 
at  various  stages  of  construction. 
Water  supply 

12.  Water,  for  operation 
of  the  flume,  was  supplied  from 
an  existing  rccircul  ting  system. 
To  begin  operations,  it  was  neces¬ 
sary  t9  tap  the  main  pressure 


Fig.  3.  Upstream  view  of  flume  show¬ 
ing  aligned  buttresses  before  side 
wall.-  were  placed 


Fig.  4.  Upstream  view  of  a  portion  of  the  completed  flume 


Fig.  5.  Water-supply  system 

tively.  After  flowing  through  the  fl'ime 
central  pumping  system. 


header  with  appropriate  size  feed 
■pipes,  mid  to  introduce  into  the 
feed  system  flow-control  and  flow- 
measuring  equipment  (fig.  5) • 
Inflow  was  controlled  by  hand- 
operated  gate  valves.  The  vari¬ 
ous  discharges  needed  to  cali¬ 
brate  flume  roughness  at  various 
depths  and  tpiproyide  appropriate 
base  flows  were  measureu  .by  two 
types  of  flow-measuring  devices. 
The  low  flows  (Q  £  2.5  cfs_)  were 
measured  through-  a,  90°  V-hotch 
weir.  Higher  flows  (up  to  ap¬ 
proximately  25  cfs)  were  measured 
through  either  a  9-  or  15-in. 
orifice  plate  mounted  i:i  the  12- 
and  20-in.  supply  lines,  ’'oepec- 
the  water  was  returned  to  the 
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Dam-ejection  mechanism 

13.  To  simulate  the  bleaching  of  a  dam  by  explosive  attack,  it  was 
necessary  to  remove  the  entire  model  dam  or  portion  thereof  almost  instan¬ 
taneously.  Several  different  methods  of  accomplishing  this  were  con¬ 
sidered.  The  method  selected  as  offering  the  most  economic  and  yet  satis¬ 
factory  way  of  removing  the  dam  makes  use  of  a  falling  weight  (100  lb)  to 
furnish  the  kinetic  energy  for  removal  of  the  dam.  The  dam-ejection  mecha¬ 
nism  is  shown  in  fig.  6.  High-speed  motion  pictures  of  this  system  showed 


Fig.  6.  Dam-ejection  mechanism 


that  the  model  dam  was  Jerked  vertically  upward  and  free  of  the  water  sur¬ 
face  in  the  order  of  1/3°  a  second.  For  test  conditions  involving  small 
breaches  (test  conditions  4.1,  5.1,  6.1,  9>1>  10.1,  <>nci  I'M),  the  time  of 
ejection  was  more  in  the  order  of  l/lCO  of  a  second. 
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Test  Conditions 

\  .  * 

k  i 

14.  In  order  to  assess  the  extent  and  magnitude  of  floods  induced  by 
breaching  actions,  it  vac  necessary  to  determine  the  stage  and  discharge 
hydrographs  when  various  size  breaches  vere  created  in  the  model  dam. 

Breach  patterns  vere  chosen  so  as  to  simulate  the  Removal  of  the  entire 
dam,  the  failure  of  single  or  multiple  monoliths,  and  the  removal  of  gated 
bays  across  the  top  of  a  dam.  A  few  of  the  model  dams  used  during  the 
study  are  shown  in  figs.  7-10*  Some  of  these  tests  were  made  for  the  con¬ 
dition  when  the  channel  downstream  of  the  dam  was  dry  (non-base  flow  tests) 
and  seme  were  made  when  a  knosm  flow  was  passed  beneath  the  dam  (base  flow 
tests) simulating  routine  flood  flow  over  a  spillway  and/or  discharge 
through  flood  conduits  ana  penstocks. 

Mon-base  flow  tests 

15-  Twelve  test  conditions  were  employed  to  document  the  stage  and 
discharge  hydrographs  arid  to  assess  the  behavior  of  the  flood  wave  as  it 
traverses  the  downstream  channel  when  it  is  "essentially  dry"  (no  water 
flowing  in  the  exit  channel).  The  test  conditions  are  identified  and  de¬ 
scribed  in  table  A.  The  decimal  system  is  used  in  numbering  the  test  con¬ 


ditionsj  the 
orientation) 
the  point  1 

;  whole  number  refers  to  the  test  condition  (breach  pat 
1  while  the  decimal  refers  to  the  condition  of  loughnes 
refers  to  the  natural  roughness  of  the  flume  (n  ~  O.OC 

Table  A 

Description  of  Non-Base  Floss  Test  Conditions 

/tern  and 

;s,  i •  e •  y 

>9). 

Test 

Conditions 

Uidth  of 
Breach,  ft 

Depth  of 
Breach,  ft 

ub 

Db 

Y 

0 

wb  Db 
Wd  *  Yo 

1.1 

4.C0 

l.CC 

1.00 

2.1 

2.40 

0.60 

0.60 

3-1 

1.20 

0.30 

1.00 

0.30 

4.1 

O.OO 

0.15 

0.15 

5.1 

0.40 

1.00 

0.10 

1.C0 

0.10 

6.1 

0.2!) 

1.00 

0.06 

0.06 

7.1 

4.00 

0.60 

1.C0 

0.60 

0.60 

8.1 

4.(v:« 

0.30 

0.30 

0.30 

9.1 

4. 00 

0.15 

1.00 

0.15 

0.3; 

10.1 

4.oo 

0.10 

3 .00 

0./.0 

0.10 

11.1 

2.40 

0.60 

0.60 

0.60 

0.36 

12.1 

1.20 

0.30 

0.30 

0.30 

0.09 

's 
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*  Base  flow  tests 

16.  Five  test  conditions  were  set  up.  from  conditions  1.1,  2.1,  and 
3«1  to  determine  the  hydrographs  and  flood  wave  action  when  a  hase  flow  is 
passed  beneath  the  dam.  A  schematic  diagram  of  the  base  flow  conditions  is 
shown  in  fig.  11.  The  base  flew  test  conditions  are  identical  in  breach 


INFLOW 


OUTFLOW 


Fig.  11.  Schematic  diagram  of  base  flow  conditions 

pattern  with  those  itemized  in  table  A  except  that  a  number  in  parentheses 
is  added  to  identify  the  magnitude  of  the  base  flow.  For  example,  1.1(20) 
means  that  the  depth  of  the  base  flow,  at  a  station  sufficiently  distant 
downstream  so  as  to  permit  the  flow  to  become  completely  stable  and  uni¬ 
form,  is  equal  to  10  per  cent  of  the  water  depth  at  the  dam  before  breach¬ 
ing  occurred  (Yq) .  The  depth  Yq  is  equal  to  1  ft  for  both  the  non-base 
flow  and  base  flow  tests.  Fig.  12  illustrates  the  base  flow  breach  for 


Fig.  12.  Base  flow  breach,  test  condition  2.1(20) 


1 


test  condition  2.l(20).  The  base  flow  test  conditions  were:  l.l(lO), 
1.1(20),  2.1(10),  2.1(20),  and  3.l(l0).  In  each  of  the  base  flow  test 
conditions,  the  depth  of  breach  (D^ )  was  equal  to  1  ft  and  the  total  volume 
within  the  reservoir  was  equal  to  ijCO  cu  ft.  For  the  10  per  cent  base 
flow,  =  1.C0,  and  for  the  20  per  cent  base  flow,  Q,  =  3>07* 

Adjustment  and  Calibration  of  Flume 

Grading  of  flume 

17.  Before  each  test  series  was  begun  and  approximately  once  r..v.h 
month  during  the  tests,  a  complete  level  survey  at  intervals  of  5  or  ft 
was  made  along  the  entire  flume  to  assu.  e  that  the  flume  was  at  proper 
grade  asd  slope.  Because  the  flume  was  constructed  almost  entirely  of 
wood,  and  therefore  subject  to  shrinking  and  swelling  cycles,  it  was  im¬ 
possible  to  grade  the  flume  precisely.  Hence,  the  flume  was  considered 
to  be  near  enough  proper  grade  when  its  actual  elevation  was  within  the 
limits  of  the  desired  grade  elevation  +  0.01  ft.  Grade  elevations  in 
error  by  an  amount  greater  than  0.01  ft  were  adjusted  to  proper  elevation. 
Calibration  of  flume  roughness 

18.  The  natural  flume  (without  the  addition  of  artificial  roughness) 
was  calibrated  for  roughness  as  a  function  of  depth  of  flow  (0.05  <  y  <  1.0) 
under  conditions  of  uniform  flow,  Knowing  the  discharge  and  depth  of  flow, 
the  roughness  n  was  determined  from  Manning's  equation, 

1.1*66  B2/3  S1/2  A 
Q 

where  Q  is  the  discharge  in  cu  ft  per  sec,  R  is  the  hydraulic  radius  in 
ft,  S  is  the  slope  of  the  energy  gradient  which  in  this  case  is  equal  tp 
the  slope  of  the  flvmo  (true  only  for  uniform  flow),  aM  A  is  the  area 
of  flow  ( 4y) .  A  number  of  test  runs  were  made  to  evaluate  roughness,  as  a 
function  of  depth  of  f3.u>i,  x.ie  results  of  which  are  presented  in  fig.  3,3.  '  , 
From  these  data,  it  is  obvious  that  the  roughness  remained  .ss  atially  con¬ 
stant  over  the  range  of  depths  considered.  Hereaf^r,  .1-  flume  roughness 
will  be  assumed  equal  to  0.00$)  regardless  of  the  depth  of  flow. 
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Means  of  Measuring  the  Stage -Time  Hydrograph 


19 •  For  both  the  non-base  flow  and  base  fPou  test  conditions,  it  was 
necessary  to  determine  the  variation  of  depth  of  water  at  stations  along 
the  flume  with  time.  In  most  instances  these  observations  were  made  at  ap¬ 
proximately  £0  different  recording  stations  for  both  the  non-base  flow  and 
base  flow  tests.  Several  different  methods  of  obtaining  the  stage-time 
hydrograph  were  considered.  The  possibility  of  using  stereophotogrammetry 
was  the  first  method  considered.  After  careful  investigation  and  consulta¬ 
tion  with  appropriate  personnel  at  the  Army  Map  Service  as  to  what  was  in¬ 
volved  in  obtaining  stereoshots  at  frequent  time  intervals,  due  considera¬ 
tion  of  the  equipment  needed,  and  the  time  required  for  processing  and 
interpreting  the  shots,  the  method  was  abandoned  as  being  too  costly.  Be- 
peated  attempts  were  made  to  electronically  record  on  an  oscillogram  the 
depth  of  water  versus  time  by  using  several  styles  of  resistance-  and 
inductance- type  wave  reds.  The  major  objection  to  using  these  rods  arose 
from  the  fact  that  appreciable  build-up  of  the  water  surface  occurred  on 
the  upstream  edge  of  the  rod  due  to  velocities  that  were  generally  critical 
or  supercritical  at  some  time  during  the  test  run.  The  parallel-wire  wavs 
rod  was  entirely  satisfactory  as  far  as  the  "build-up"  was  concerned;  how¬ 
ever,  the  nonlinearity  of  the  calib..ution  over  thf  rrnge  oi  depths  involved 
fflp.de  its  use  objectionable  also. 

20.  A  third  technique  which  involved  photographing,  with  16mm  movio 


'* 
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cameras,  staff  gages  with  time  indicators  in  the  fields  of  view,  was  tried 
and  found  to  be  satisfactory.  This  method  involved  essentially  no  instru¬ 
mentation,  required  no  calibration,  and  gave  directly  the  stage  and  the 
time  after  breach.  A  sufficient  number  of  cameras  were  available  (gener¬ 
ally  six)  to  permit  simultaneous  shooting  of  several  stolons  along  the 
flume;  however,  repeated  runs  were  necessary  in  order  to  photograph  all 
specified  stations.  Plate  1  shows  the  reproducibility  of  stage  as  a 
function  of  time  experienced  at  station  185  (test  condition  l.l)  for 
several  repeated  runs.  Cameras  were  normally  operated  at  8  to  12  frames 
per  second.  Observations  of  stage  and  time  are  presented  in  tables  l-x,/. 
Stage- time  hydrographs  determined  from  these  data  are  shown  in  plates  °-8l. 


Stsi-L  gmges 

21.  Description.  The 
three  types  of  staff  gages  used 
in  measuring  the  depth  of  flow 
(stage)  are  shown  in  fig.  14. 
The  gages  are  presented  (left 
to  right)  in  the  order  of 
their  development.  Since  the 
negative  film  was  projected, 
the  gage  on  the  extreme  right 
highlighted  the  water  surface 
and  was  much  easier  to  read 
then  the  previous  types.  The 
gages  were  made  from  sheet 
metal  0.04  in.  thick.  Strips 
were  cut  to  the  proper  length 
hue  twice  as  wide  as  the  fin¬ 
ished  gage.  The  strip  was  then 
folded  lengthwise  and  the 
rounded  edge  was  oriented  up¬ 
stream  when  placed  in  the 
flume.  Placing  the  gage  m 
this  manner  minimized  flow  dis¬ 


turbance  around  the  gage,  which  Fig.  14.  Typical  staff  gages 
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in  turn  minimized  "pile-up."  Divisions  along  the  gage  were  marked  at  0.05- 
ft  intervals.  After  the  gages  were  properly  marked  and  painted,  they  were 
sprayed  with  a  clear  plastic  so  as  to  reduce  roughness  and  protect  the 
finish. 

22.  Calibration  tests,  to  determine  the  accuracy  to  which  the  staff 
gage  recorded  the  water  depth,  were  made  using  the  regular  point  gage  under 
conditions  of  uniform  flow  as  a  standard.  These  tests  showed  that  the 
staff  gage  could  be  read  accurately  enough  to  bracket  the  point  gage 
reading,  +  0.01  ft.  Velocities  experienced  in  these  tests  were  of  the  same 
order  of  magnitude  as  those  experienced  in  actual  test  runs  so  that  "pij.e- 
up"  cn  the  nose  of  the  staff  gage  was  comparable .  Considering  that  the 
water  ."rface  was  not  pci  .‘oetly  smooth  but  was  marked  v.fch  standing  waves 
and  local  disturbances,  the  accuracy  of  the  staff  gage  was  believed 
satisfactory. 

2j.  Mounting  and  placement.  The  staff  gages  were  initially  mounted 
as  shoim  in  fig.  15;  however,  this  system  was  changed  to  a  more  versatile 

mounting  wherein  the  gages 
were  attached  to  several  0-ft 
rails  running  lengthwise  of 
the  flume.  The  latter  mount¬ 
ing  system  was  conveniently 
portable  and  was  particularly 
useful  in  the  region  from 
sta  180  to  sta  200  where  the 
intervals  at  which  stage-time 
measurements  were  required 
were  generally  small.  Where 
single  recording  stations 
were  used,  .  uch  as  sta  4o  and 
70,  the  gages  were  attached 
to  angle-iron  clips  that  were 
mounted  on  2-by- about  4-5 

24.  Gtaff  gages  were 
distributed  across  the  flume 


Fig.  15.  Setuo  for  recording  stage 
at  sta  l£0 


*r 
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Fig.  16.  Distribution  of  gages  across  flume 

as  shown  in  figs.  15  and  1 6.  Since  flow  was  considered  symmetrical  at  out 
the  center  line,  the  gages  marked  "y^( assumed)''  and  "yw  (assumed)"  are 
considered  in  the  computation  of  the  average  stage.  The  area  of  flow  A 
equals: 

A  =  0.5y  +  y,  +  y  +  y,  (assumed)  +  0. 5y i  (assumed) 
w  J.  m  x  w 


A  =  ^av 

4yav  •■=  °.5yw  +  V1  +  ym  +  yx( assumed)  +  0.5yw( assumed) 
y^( assumed)  =  y^  and  y^( assumed)  =  yw 


y  +  2y,  +  y 
J1 


The  average  stage  was  computed  from  equation  3  for  all  test  conditions. 

Very  little  difference  in  slags  was  noted  regardless  of  the  gage's  position 
laterally  across  the  flume.  The  location  and  number  of  etf.‘„io<...  photo¬ 
graphed  varied  with  the  tect  condition;  but  genera Oj,  _.„ff  gages  were 
photographed  at  stations  1)0,  'JO,  100,  120,  ll)0,  150,  160,  172,  l8l,  189, 
191,  195,  197,  -99,  200,  220,  225,  230,  275,  280,  285,  345,  350,  and  355- 
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Provision  of  a  time  reference 

25.  The  time  reference  for  ell  rests  was 
provided  by  the  timer  shown  in  fig.  17*  This  timer 
is  manufactured  by  the  Standard  Electric  Time 
Company  The  outer  dial  is  divided  to  read  di- 
xectly  to  l/lCO  of  a  second  while  the  inner  dial 
records  time  in  seconds.  Each  timer  is  equipped 
with  manually  operated  start,  stop,  and  reset 
switches;  however,  in  these  tests,  the  timers  were 
started  by  the  closing  of  a  raicroswj teh  that  was 
triggered  by  ejection  of  the  model  dam  ( see  fig..  6) . 
The  initial  upward  displacement  of  the  dam  dost 
l.  -  microswitch,  completing  +V  circuit  to  all 
timers  in  use  on  the  particular  test. 

Method  of  Determining  Discharge-Time  Hydrographs 

Discharge  at  the  dam 
(non- base  flow  tests) 

26.  The  discharge  through  the  various  breaches  as  a  function  of  time 
was  determined  by  cross-plotting  the  stage-time  data  \ tables  1-17)  to  plots 
of  stage  versus  station  for  different  times.  A  typical  plot  of  this  type 
is  shown  in  plate  82.  Since  all  stages  plotted  thereon  were  referenced  to 
the  flume  bottom,  the  plate  shows  the  water-surface  profiles  upstream  of 
the  dam  for  the  various  times  indicated.  The  difference  in  the  original 
cross-sectional  ar°a  of  the  reservoir  (taken  lengthwise  of  the  flume)  and 
that  remaining  in  the  reservoir  at  time  t,  when  multiplied  by  the  flume 
width,  equals  the  volume  of  outflow  that  Las  occurred  up  until  time  t. 

Plots  similar  to  this  were  made  for  each  test  condition  and  for  the  times 
indicated  in  tao tec  L-I7.  Picm  these  pi ots,  volume-ox-c  .tx'low-as-a- 
function-of-time  c.ujves  were  developed  for  each  test  condition.  Plate  83 
shows  the  volume- time  p-ol  for  test  condition  1.1  as  developed  frrm  the 
plot  shown  in  plate  82.  The  desired  di^chr»-.Te_time  hydiog^epb  x  ■"  each 
test  condition  was  determined  by  dii it rente ation  u.s  respective  volume- 

txne  functions.  E "forts  were  made  to  determine  the  equations  of  each 


Pig.  1;'.  Clock  used 
to  piovad.  time  scale 
(reading  =  L.894  sec) 
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volume- tine  cur/e  so  that  a  mathematical  differentiati'"-'  could  be  pei- 
formed;  however,  most  of  the  curves  proved  difficult  to  fi„  throughout  the 
tiir.e  range  covered  by  the  data  without  resorting  to  at  least  a  4th  order 
polynomial  or  even  more  complex  functions.  Hence,  it  was  felt  that  the  f'-- 
fort  required  to  determine  the  equations  would  be  too  costly  and  time  cc. 
aiming.  The  volume-time  curves  were  therefore  differentiated  b>  numerical 
ncth'de.  Plots  of  the  discharge-time  hydrogruphs  through  the  various 
b’ each  patterns  are  shown  in  plates  84-86  for  test  conditions  3.1  through 
18.1. 

fxscharge  at  the  dam 
(base  flow  tests) 

27.  Plot-  of  stage  versus  sto+ion  for  vrri  >uo  times  and  for  e-'  i 
i.st  condition  were  made  for  base  flow  tests  hj.  ,o.  A  typical  plot  of 
ohis  type  is  shown  in  plate  87.  Fig.  18  illustrates  the  base  flow  geometry 


Fig.  18.  Bare  flow  geometry  before  and  after  breach, 
test  conditions  2.1(10),  2.1(20),  and  3*1(1^) 

that  is  characteristic  of  condition  2.l(lO),  2.1(20),  and  3-l(l0)  at  three 
different  times.  The  water- surface  profile  a l  t  -  0  is  defined  by  Af^- 
at  t  =  c,  it  is  defined  by  ABD;  and  at  i  -  k,  wliex-  k  is  sufficiently 
largc  so  that  the  1  ..-.ei^oir  storage  has  emptied  and  the  base  flow  has  be¬ 
come  stable  (woter-i  urface  profile  docs  not  change  with  t*£.«),  is  defined 
by  AFEG.  when  l  =  K,  tne  stabi'  water-  faro  p'ot >*ppet .  -  as  AEG  for 

tact  condition-  1.1(10)  and  1.1(20).  Using  this  identification  system,  the 
initial  reserve  r  storage  for  2.3(xQ),  2.1(20),  and  j.l(lO)  is  defined  as 
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( ABCDEF )  x  h  when  the  base  flow  is  neglected,  while  for  conditions  l.l(lu) 
and  1.1(20)  it  is  defined  as  (ABCDEGF)  x  k,  again  neglecting  base  flow. 

The  total  volume  within  the  reservoir  (reservoir  storage  plus  base  flow)  in 
all  cases  is,  as  was  true  in  the  non-base  flow  tests,  400  cu  ft.  The  total 
volume  of  outflow  at  t  =  c  is  given  by 

VQ  =  Area  BCD  X  width  of  flume  +  Q^( t) 


or 


VQ  =  A(ECD)  +  Q^c) 

From  this  relatiun,  total  volume  of  outflow  as  a  function  of  time  was  de- 
teiiruned  for  each  base  flow  test  condition,  an  example  of  which  is  pre¬ 
sen  ed  in  plate  88.  The  total  volume-of-outflow-versus-time  curves,  devel¬ 
oped  f  v  each  base  flow  test  condition,  w«.r*»  «,ro  cirferentiated  numeri¬ 
cally  to  jJ.eld  the  discharge -time  cu, ves  cho '.m  in  plate  89. 

Discharge  at  stations 
downstream  from  dam 


28.  Before  the  discharge- time  hydrograph  could  be  determined  at  the 
desired  downstream  stations,  it  was  necessary  to  evaluate  the  velocity-time 
hydrograph  as  well  as  the  stage-time  hydrograph.  Several  methods  of  meas¬ 
uring  the  average  velocity  at  the  selected  downstream  stations  were  tried. 
Trial  runs  were  made  with  pitot  tubes,  pressure  cells,  and  Gurley  flow¬ 
meters.  These  means  proved  unsatisfactory  for  the  following  rereonc: 


Pitot  tubes:  Poor  response  to  the  flood  wave  and  undesirable 
fluctuations  of  the  water  column. 

Pressure  cells:  Too  insensitive  to  change  in  velocity  an  low 
flows. 

Gurley  ^lo'meters:  Slightly  insensitive  plus  the  undo  sir  able 
recording  and  interpretation  of  oscillograph  records,  wnereon 
was  recorded  the  number  of  revolutions  per  sec  as  a  function 
of  time. 


29.  A  photographic  method  of  obtaining  the  velocity  was  suggested  by 
Dr.  R.  F.  Dressier."  The  method  was  used  by  Trcssler  in  some  experi¬ 
mental  studies  conducted  in  a  g1dss  flume  approximately  9  in.  wide  and 
12  in.  deep.  It  consisted  of  photographing  particles  in  suspe,r,ic  using 
a  time  exposure.  The  length  of  the  '  acc  divided  by  +,1--  .-’.-"cure  i.ure  gave 
the  particle  velocjty.  By  using  pa:,  tele;  of  very  nearly  the  same  density 
as  water,  it  was  possible  to  keep  them  in  sv.epen-ion  and  at  the  same  time 
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neglect  inertial  effects  without  appreciable  error.  The  method  was  tried 
using  several  different  particles  made  from  different  materials,  but  with¬ 
out  success.  The  fact  that  the  l*-ft  width  of  the  flume  made  it  impossible 
to  properly  light  the  medium  in  such  a  way  as  to  highlight  the  particles 
in  suspension  was  the  major  reason  for  not  using  the  method. 

30.  After  the  unsuccessful  attempts  described  above,  the  problem  of 
measuring  the  velocity- time  hydrograph  was  discussed  independently  with 
Die.  A.  T.  Ippen  and  Hunter  Rouse.*  Both  suggested  that  time  exposures  of 
confetti  floating  on  the  water  surface  be  used  to  evaluate  the  surface  ve¬ 
locity.  It  was  further  suggested  that  the  surface  velocities  then  be  '"ali- 
biated  using  conditions  of  uniform  flow  as  the  standard  where  the  average 
'•el-'ity  could  be  easily  determined 


Calibrations  were  made  and  the  results  indicated  that  tire  average  velocity 
was  0.8  tnat  of  the  surface  velocity.  This  relation  is  in  exact  agreement 
with  the  hydraulic  axiom  regarding  the  relation  between  surface  velocity 
and  average  velocity  for  shallow  flow.  Consequently,  the  surface  veloc¬ 
ities  observed  were  reduced  20  per  cent  to  yield  the  average  velocity. 

The  basic  velocity-time  data  were  plotted,  and  a  representative  curve  was 
drawn  through  the  points  to  ob.  .in  velocity  measurements  at  regular  time 
intervals  for  all  the  various  test  conditions.  Tables  18,  19,  and  20  give 
the  average  velocity-time  data  for  all  of  the  tests.  Considering  ten 
typical  stations  of  different  test  conditions,  the  average  deviation  of 
axx  the  velocity  readings  from  the  velocity  curves  was  3*8  per  cent. 

33 .  A  3S--E1  Graflex.  camera  was  used  to  take  photographs  of  the  con¬ 
fetti  traces  from  directly  overhead.  Fig.  19  shows  schematically  the  setup 
used  for  determining  the  rurface  velocities  at  sta  22?,  280,  and  350.  A 
timer  (not  shown)  wps  also  placed  in  the  field  of  view  to  pio.'ido  a  time 
reference.  The  grid  system  (each  grid  meavu-cd  6  in.  by  12  in.)  provided 
a  reference  plane  to  make  nc'.sible  accurate  determination  of  the  trace 
length  with  insignificant  erior  due  to  parallax.  The  cur.fo.ti  -articles 
(l/2  in.  square;  were  normally  introduced  ?  to  10  ?'+  ur1  ■’worm  ..f  sia  22?. 

*  Dr.  A.  T.  Ippen,  MIT,  and  Dr.  Hunter  Rouse,  Iowa  Institute  of  Hydraulic 
Research. 
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Fig.  19.  Setup  for  obtaining  surface  velocities 
at  downstream  stations 


When  the  confetti  entered  the  grid  system,  a  time  exposure  was  taken  (usu¬ 
ally  l/lO  sec)  to  provide  a  measurable  trace.  Exposures  were  repeated  as 
often  as  advancing  the  film  and  cocking  the  shutter  would  permit.  Two  in¬ 
dependent  tests  per  station  were  made  to  injure  that  an  adequate  amount  of 
data  was  obtained. 

32.  These  films  were  projected  frame  by  frame  onto  a  screen  where 
measurements  of  tiie  traces  were  evaluated.  To  determine  the  surface  veloc¬ 
ities,  it  was  necessary  to  measure  the  projected  length  of  trace  (£+),  ft; 
the  projected  width  of  trace  (w  ),  ft;  the  projected  length  of  grid  (fg), 
ft;  and  the  exposure  interval  or  cluck  interval  (t),  sec.  The  velocity  was 
then  determined  frcm: 


0. 5("t  -  wt) 


tcry 

6 


W 


where  the  constant  0.;?  tie  actual  grid  interval,  ft. 

33-  The  djscharee-time  hydrograph  was  determined  from  the  .  1, age-tip" 
and  velocity-time  hydrographs  The  'i'ea  of  flow  ai  a  gxv,  .  . Ime  It  -  c) 
is  equal  to  Jly^;  ii»ncc. 
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%  «  c)  =  4yd(t  =  c)  X  v(t  -  c) 


(5) 


'The  discharge-time  curves  for  the  various  test  conditions  thusly  determined 
are  shown  in  plates  90-98. 


Test  Procedures 


34.  Available  movie  cameras  were  set  up>  to  record  stage  and  time  at 
selected  stations.  The  appropriate  dam  was  put  into  place  and  the  reser¬ 
voir  filled  to  a  depth  of  1.0  ft  immediately  adjacent  to  the  dam.  Th 
reservoir  was  left  undisturbed  for  a  sufficient  period  of  time  to  permit 
surges  or  seiches  within  it  to  be  danpc'’  '■>>+.  r> !,?_•  microswitch  was  then 
set  to  initiate  all  timers  in  use  at  the  instant  of  dam  release,  all  timers 
having  been  preset  to  zero.  Cameras  were  started  ut  minus  5  seconds  and 
were  operated  continuously  until  plus  90  seconds.  Because  of  the  gross 
difference  in  the  breach  and  outflow  patterns,  the  recording  intervals 
varied  from  test  to  test,  but  in  general,  the  cameras  were  operated  for  a 
period  of  5  seconds  at  15-  and/or  30- second  intervals  after  the  first  90 
seconds  of  the  run.  The  Graflex  camera  was  operated  at  approximately 
4- second  intervals  beginning  with  the  arrival  of  the  downstream  positive 
wave  (flood  wave).  Since  a  number  of  stations  bad  to  be  covered  and  it  was 
impossible  to  record  them  all  simultaneously,  it  vas  necessary  to  make  re¬ 
peated  runs.  Checks  on  the  reproducibility  of  repeated  runs  revealed  that 
the  data  obtained  were  in  remarkable  agreement  (see  plate  l).  Similar 
checks  were  made  on  the  arrival  times  of  the  negative  and  positive  waves, 
and  reproducibility  of  results  was  also  found  to  be  satisfactory. 

35-  b”nen  stage-time  and  velocity-time  records  had  been  completed 
for  the  selected  stations,  the  films  were  processed  and  interpretation 
commenced.  All  films  wore  projected  onto  a  rigid  screen  from  whicn  ob¬ 
servations  were  made.  Generally  the  motion  picture  records  of  stage  versus 
time  were  read  every  sec^d  c:-  two  for  the  first  30  to  60  seconds,  then 
observations  were  mads  as  often  as  the  recording  intervo1,  1  ._y  l‘j  to 

30  seconds.  These  data  were  then  ..lotted  for  all  recojued  end  for 

al1  test  conditions  (plates  2-8l).  Interpretation  of  the  velocity- time 
measurements  was  nade  from  the  projected  film  strips  and  plotted  as  shorn 
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in  plates  90-98.  Also  shown  on  these  same  plates  are  the  discharge-t.ime 
hydrographs . 


Discussion  of  Test  Results 


Stage- time  hydrographs 

36.  The  stage-time  hydrographs  recorded  for  the  various  stations 
'bcA'u  upstream  and  downstream  from  the  dam  and  for  all  test  conditions  are 
shown  in  plates  2-3l.  Of  primary  importance  is  the  stage-time  hydregraph 
at  the  dam  and  at  stations  downstream  from  the  dam.  The  stage-time  hydio- 
grapho  for  the  upstream  stations  (station  numbers  <  ,.00)  have  their  be¬ 
ginning  i.ith  the  arrivaj  of  the  negative  vav-e,  and  chej.-i„teristicaily 
exhibit  a  marked  reduction  in  the  water  depth  over  a  '.'datively  short  time 
interval  folljwed  by  a  gradual  reduction  that  takes  place  almost,  uniformly 
with  time. 

37«  Stage-time  hydrograph  at  dam.  The  variation  of  the  depth  of 
ilow  at  the  dam  with  time  is  presented  for  each  test  condition  in  those 
plates  (2-8l)  that  exhibit  the  plot  for  sta  200.  When  the  entire  model 
dam  is  suddenly  removed,  the  stage  drops  immediately  to  one-half  its  former 
value,  in  this  case  0.5  ft.  This  agrees  with  the  experimental  work  of 
Schoklitsch  mentioned  previously,  and  shows  negligible  disagreement  with 
the  St.  Venant  equation  which  for  the  condition  x  =  0,  =  0,  and 

t  =  1,  the  stage  would  immediately  fall  to  4/9  its  former  value.  From  the 
O.5- l r  ’epuh,  the  stage  progressively  decreases  with  time  to  zero  flow. 

38.  The  effect  of  the  bleach  opening  on  the  stage  at  the  dam  +Vvr 
various  times  is  shown  in  plate  99  for  test  conditions  1.1  through  6.1, 

Db  Wb 

where  for  each  breach,  —  =  1  and  —  £  1.  The  work  of  Schoklitsch 

o  d 

( shown  also  in  plave  99)  i-  independent  of  tine,  since  !n  nis  work  the 
reservoir  was  assumed  infinite  in  length  and  of  constant  depth.  Deviation 
of  the  t/ES  data  fron  tr.js  curve  qualitatively  describes  the  combined  ef¬ 
fects  of  flume  slope  and  the  disparity  of  "'•Highness  factors  in  the  WES 
flume  as  opposed  to  the  flume  used  ,y  Schoklitsch.  I -om  the  family  of 
ci  rves,  the  stage  at  the  dam  can  be  predicted  at  various  times  for  any 
partial  width-full!  depth  breach  tested  in  the  flume. 
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39-  A  similar  plot  (plate  IOC)  presents  the  results  for  test  con¬ 
ditions  7*1  through  10. 1,  where  full  width-partial  depth  breaches 
W  D 

77-  =  1.  tt-  -  1  yere  involved.  This  plot  may  also  be  used  to  predict 
d  o 

stage-time  relations  for  any  number  of  full  width-partial  depth  breaches 
tested  in  the  flume.  A  similar  analysis  of  the  partial  width- partial  depth 
breaches  (test  conditions  11.1  and  12.1)  or  for  the  base  flow  tests  could 
not  be  made  because  too  few  tests  were  accomplisned  to  permit  a  quantita¬ 
tive  interpretation  of  results. 

1)0.  Stage-time  hydrograph  do;/nstream  from  dam,  non-oase  flow  t'^ts. 
The  variation  of  stage  versus  time  for  test  conditions  1.1  through  12.1  is 
'-hc'n  in  those  plates  (2-8l)  where  i;>“  station  number  is  greater  than  _C0. 
The  .acival  of  the  flood  wave  ah  a  given  station  jiaiks  the  beginning  of  the 
stage-tim*  hvdrograph  at  that  station.  Of  major  importance  is  the  depth  of 
water  associated  with  the  maximum  downstream  stage  for  each  test  condition. 
The  downstream  flood  wave  apparently  reached  a  stable  flow  condition  after 


traveling  a  distance  equivalent  to  ap¬ 
proximately  100  Yq,  that  is,  the  maximum 
stage  remains  constant  after  reaching  this 
distance.  Fig.  20  presents  in  dimension¬ 
less  terms  the  maximum  stages  noted  at 
sta  350  (15O  downstream).  This  data 
tpnds  to  fall  on  three  distinct  curves 
representing  the  three  breach  regimes; 
full  depth-partial  width,  full  width- 
partial  depth,  and  partial  depth-partial 
width.  When  the  entire  dam  was  removed, 
the  maximum  stage  recorded  at  sta  350 
was  0.34  ft.  In  a  more  general  sense, 
this  implies  that  since  stable  flow 
occurs  at  roughly  ICO  Y  downstream 
from  the  dam,  the  maximum  height  that 
the  flood  wave  may  be  expected  to 
attain  will  be  approximately  0.34  Yq. 


Fig.  20.  toxi.-miin  downstream 
stage  as  -  function  of 
■d  ening 


4l.  The  :hape  of  the  downstream  flood  waves  was  characterized  by  an 


abrupt  initial  rise  in  the  stage  followed  by  an  irregular  increase  up  tc 
the  maximum  stage  level,  which  always  occurred  within  30  seconds  of  11: 
flood  wave  arrival  time.  Should  the  downstream  channel  diverge  (increase 
in  width  with  distance  downstream)  and  the  alignment  remain  essentially 
straight,  then  the  flood  wave  may  be  characterized  by  a  more  gradual 
rise  and  would  have  a  smaller  maximum  depth.  Conversely,  should  the 
channel  converge  and/or  meander,  then  the  flood  wave  may  have  an  even  more 
abrupt  rise  and  would  have  a  greater  maximum  depth. 

42.  Stage- tine  hydrograph  down¬ 
stream  from  dam,  base  flow  wests.  The 
variation  of  stage  versus  time  for  the 
base  Sic::  tort  'md :  vi  ons  is  shown  ir. 
plates  63,  68,  69,  76,  77,  and  8l. 

Fig.  21  show’s  graphically  and  in  dimen¬ 
sionless  form  the  maximum  downstream 
stage  observed  during  the  base  flow  test 
conditions.  The  maximum  stage  observed 
for  the  10  per  cent  base  flow  was  0.34  Y  , 
and  for  the  20  per  cent  base  flow,  the 
maximum  stage  observed  was  0.39  YQ.  The 
maximum  downstream  stage  for  ail  of  the 
base  flow  tests  occurred  within  20  sec¬ 
onds  of  the  wave-front  arrival  time. 

From  plates  68  and  76,  the  original  base 
flow  depth  at  sta  225  is  seen  to  he  less 
than  0.20  ft.  This  occurs  because  the 
base  flow  being  emitted  frera  beneath  the  dam  has  not  yet  reached  uniform 
flow  conditions. 

Discharge- time  hyd •.•cgia^h  at  dam 

43.  Non-base  flew  tests.  The  di.  ’barge-time  hydrographs  for  each  of 
the  non- base  flow  test  lions  are  presented  in  plates  84-86.  The 

shapes  of  the  curves  ..e  qualitatively  similar,  exhibiting  ii’’  v  ■  mo^t 
part  p  reversed  "s"  trend.  Comparison  of  these  curves  x  -  At  (./here 
At  -»  0)  indicates  the  effect  of  breach  opening  on  the  maximum  discharge 


Fig.  21.  Maximum  downstream 
star,;  as  a  function  of  breach 
opening  for  the  base  flow  tests 


observed. 
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44. 


Using  the  equation  developed  by  Schoklitsch, 


ax 


■iud 


(6) 


it  is  possible  to  compute  the  maximum  discharge  released  by  a  given  dam 
when  the  entire  dam  is  instantaneously  removed  and  when  frictional  effec 
are  neglected.  For  the  condition  where  partial  width- full  depth  breaches 
are  involved,  the  following  equation  may  be  used  to  determine  ^ 


g 

Saax  ”  27  Wb 


(7) 


Similarly,  the  maximum  discharge  for  partial  depth-full  width  breaches  is 
determined  from: 


a  /Y  \°^ 


tT  1  '/g  V1'2 


max  27 

and  for  the  condition  of  partial  width-partial  depth  bleach  patterns, 
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Equations  7  and  8  are  modifications  of  equation  6  and  were  also  developed 
empirically  by  Schoklitsch.  Equation  9  i  -  simply  a  combination  of  equa¬ 
tions  7  and  8  and  from  the  test  results  presented  in  table  B  appears 

Table  B 

Comparison  of  Q^ny  for  the  Various  Test  Conditions 


Test 

Snax 

Condition 

Experimental 

Schoklitsch 's  Fauations 

1.1 

6.50 

6.72 

2.1 

4.54 

4.57 

3-1 

2.67 

2.72 

4.1 

1.70 

1.62 

5-1 

1.16 

1.20 

6.1 

0.77 

0.81 

7.1 

3.57 

3.70 

8.1 

1.42 

1.66 

9-1 

0.67 

■•73 

10.1 

0.43 

■'i.46 

11.1 

2.5? 

2.52 

12.1 

O.56 

0.67 

: 


26 


applicable  to  the  partial  depth-partial  width  breach. 

1*5.  Table  B  lists  the  measured  maximum  discharges  and  the  maximum 
discharges  computed  from  equations  6,  7,  8,  and  9  for  all  of  the  non-base 
flow  tests.  This  table  shows  that  the  peak  discharge  exhibits  little 
variation  when  experimental  results  are  compared  with  tho"®  computed.  The 
variance  that  is  apparent  probably  stems  from  the  roughness  or  frictional 
effects  present  in  the  flume  but  neglected  by  Schokiitsch.  More  signifi¬ 
cant  differences  may  develop  when  the  flume  is  roughened. 


Fig.  22.  Variations  of  with  breach  pat¬ 

tern  Tor  base  flow  and  non- base  flow  tests 


46.  Fig.  22  shows 
a  plot  of  vers'  ? 

W  D 

-r-  x  •—  for  the  three 

U  V 

a  'o 

tyceu  of  non-base  flow 
breac.nes.  From  the 
irves  presented,  the  ap¬ 
proximate  maximum  dis¬ 
charge  can  be  determined 
for  any  breach  pattern 
tested  in  the  flume.  A 
more  generally  applicable 
plot  is  presented  in 
fig.  23  in  dimensionless 
form.  From  the  data 
presented  in  table  21, 
values  of  the  abscissa 


and  ordinate  terms  were  evaluated  and  are  plotted  for  both  the  Mohne  and 
Eder  breaches.  The  range  of  values  given  agree  very  well  with  the  curve 
shown.  The  mathematical  expression  for  0^nv  as  determined  from  this 
curve  is  given  by  equ»t?on  10. 


(10) 


From  this  relation,  the  value  of  the  maximum  dlsehn^c  ‘vgh  a  given 
branch  can  be  computed  provided, 


i 
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Fig.  23.  Effect  of  breach  size  on  maximum  discharge  through  the  breach 

1-0  £(“ 

The  accuracy  of  predictions  derived 

— >1.0,  since  less  scatter  was  obtained  in  this  range. 

47.  When  these  results  (fig.  23)  were  broken  down  into  the  separate 
breach  regimes  as  was  done  by  Schoklitsch  (see  equations  ^  and  8),  the 
following  empirical  equations  were  derived.  For  the  full  depth-partial 
width  breaches  (test  conditions  1.1  through  6.1), 


which  agrees  aimoc.  exactly  with  equation  7  since  by  defi  >it.i  a  of  the 
breach  pattern,  D,  =  Y  .  For  tise  full  width-ie:  iial  'cbth  breaches,  the 
experimental  results  indicate  that 


from  equation  10  will  improve  as 


i 
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<^.0.29^  »b3/2(^) 

which  agrees  very  closely  with  the  comparable  equation  developed  by 
Schoklitsch  (equation  8). 

48.  The  discharge- time  data  (plates  84-86)  plainly  ?*>ow  that  the 
magnitude  of  the  discharge  depends  on  the  elapsed  time  after  breach. 
Basically,  the  time  of  outflow  is  a  function  of  the  total  volume  of  the 
reservoir  that  lies  above  the  breach  level  and  the  rate  at  which  the  out¬ 
flow  takes  place,  or  t  =  f(Q,  V+^).  If  Q  is  replaced  wit. 

(which  is  independent  of  elapsed  time),  then  a  dimensionless  time  quant It. 
can  be  easily  developed  which  will  give  a  common  time  scale  for  each  run 
belonging  to  a  particular  breach  regime.  The  dimensionless  time  quantity 
thus  developed  is  t  Q^^/V^.  Discharges  can  be  made  dimensionless  simply 
by  dividing  the  discharge  at  any  time  by  the  maximum  discharge  observed,  or 
^/Qffiax*  versus  t  are  shown  in  plates  101- 103. 

These  plots  provide  a  means  of  describing  in  more  general  terms  the  de¬ 
crease  in  the  discharge  as  a  function  of  time  for  the  various  breach 
regimes. 

49.  Base  flow  tests.  The  discharge-time  hydrographs  for  the  base 
flow  tests  are  shown  in  plate  89.  These  curves  also  have  a  characteristic 
reversed  "s"  shape,  and  approach  the  magnitude  of  the  base  flow  (0^  =  1.0 
for  10  per  cent  base  flow,  and  =  3-06  for  20  per  cent  base  flow)  as  a 
limit  with  increase  in  time.  The  maximum  discharge  in  each  case  is  larger 
than  its  counterpart  in  the  non-base  flow  series  of  tests;  however,  the  in¬ 
crease  Is  less  in  each  case  than  the  simple  addition  of  the  non-base  flow 
maximum  direliarge  plus  the  base  flow.  The  base  flow  maximum  discharge  for 
various  full  depth-partial  width  breaches  tested  in  the  flume  may  be  esti¬ 
mated  from  the  base  flow  curves  of  fig.  22.  The  curves  are  necessarily 
two  and  three  point  curves  that  have  been  extrapolated  beyond  the  7-am6e  of 
experimental  data;  nevertheless,  they  are  belie, -u  adequate  for  estimating 
purposes. 

50.  Dimensionless  plots  for  the  base  flow  test  series  ar*  S'  own  in 
plate  104.  For  each  of  these  curves,  the  value  of  Y,„  wr  "ensi-crad 
equel  to  400  ft^,  the  total  volume  of  the  reservoir. 
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Discharge-time  hydrographs  for 
stations  downstream  of  the  dam 

51.  Plates  90-98  present  both  the  discharge-  and  velocity- time 
hydrographs  at  stations  downstream  of  the  dam  for  all  test  conditions. 
Examination  of  these  curves  shows  that  in  every  case  the  maximum  discharfc. 
is  reached  very  early  in  the  time  history  of  the  flood  wave  and  gradually 
decreases  to  zero  or  to  the  base  flow  discharge  level.  Further  examination 
of  these  pistes  ’ndicstes  that  the  maximum  velocity  decreases  uniformly 
with  distance  downstream,  while  the  maximum  discharge  reflects  the  erratic 
variations  of  the  maximum  stages  as  indicated  in  plates  2-&1. 

52.  The  order  of  accuracy  of  the  discharge-time  curves  is  apparent 
whs-  the  Q-t  curve  is  integrated  ove:  the  time  it-ige  wherein  data  wore  ob¬ 
tained.  When  the  discharge-time  curves  of  ten  downt  tream  stations  (arbi¬ 
trarily  croson  from  different  test  conditions)  were  integrated  over  a  time 
range  equivalent  to  the  approximate  duration  of  the  flood  wave,  the  inte¬ 
grated  volume  of  outflow  differed  from  the  storage  volume  an  average  of 

7  per  cent. 

53-  Duration  of  the  flood  wave  is  principally  a  function  of  the 
size  of  breach,  the  storage  volume  within  the  reservoir  that  lies  above 
the  breach  level,  the  distance  downstream  to  the  station  where  evaluation 
is  desired,  and  the  general  alignment  and  roughness  pattern  encountered 
by  the  flow  as  it  moves  down  the  exit  channel.  Because  of  the  extremely 
long  durations  associated  with  the  smaller  breach  patterns,  it  was  not 
practical  to  obtain  film  records  over  this  length  of  time.  Neither  was  it 
possible  in  most  cases  to  define  with  any  degree  of  certainty  the  exact 
time  that  the  flood  wave  had  passed  and  the  water  level  receded  to  normal. 
Observations  were  made  however  of  the  approximate  total  time  of  outflow 
through  each  given  breach  pattern.  These  tiir  s  are  recorded  in  table  C  for 
the  non-base  flow  tests.  Similar  observations  for  the  base  flow  tes+s  vzxe 
impracticable  because  it  was  impossible  tc  ascertain  the  time  of  passage 
with  any  degree  of  continues. 
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Table  C 

Total  Time  of  Outflow  for  the  Various  Test  Conditions 


_ Test  Condition _ 

2-1  JL1  1^1  4J.  6.1  7ii  ttjl  9^1  10.1  11.1  12.1 

tQ,  sec  170  2h0  450  710  1000  1800  300  pOO  700  1400  ?00  l^OO 


The  upstream  negative 
wave  (non-base  flow  tests) 

54.  Immediately  after  the  model  dam  was  breached,  a  negative  wave 
moved  ;p  the  reservoir  at  a  velocity  dependent  upon  th"  reservoir  uepxh. 

The  arrive  1  of  this  negative  wave  at  stations  upstream  of  the  dam  was  de¬ 
tected  by  th.>  initial  decrease  in  the  stage  and  by  the  initial  motion  of 
the  water  surface.  By  carefully  observing  both  of  these  effects,  the  ar¬ 
rival  time  was  determined  to  the  nearest  l/lO  of  a  second.  Arrival  times 
versus  distance  upstream  from  the  dam  were  recorded  for  each  test  condi¬ 
tion.  Since  propagation  of  the  negative  wave  is  independent  of  breach 
pattern,  the  arrival  times  for  each  test  condition  and  for  each  station 
were  averaged  and  the  results  thus  obtained  are  shown  in  plate  105  as  the 
plotted  points.  The  average  of  the  experimental  data  agrees  very  closely 
with  the  theoretical  curve  derived  below  from  the  general  celerity  equa¬ 
tion  for  wave  propagation  in  shallow  water.  Referring  to  fig.  24,  Vx,  the 

-y 
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Fig.  24.  Schematic  diagram  of  negative  wave  in  motion 


upstream  velocity  of  the  negative  wave  equals  Vgy.  The  general  expression 
for  y  in  tensn  of  x  is:  y  =  ax  +  h  when  x  =  0,  =  1;  and.  'hen 

x  =  200,  y  =  0,  Therefore 

i  x 

y  "  1  “  200 

Substituting  this  expression  into  vx  =  Vgy  gives 


+  =>1.  r*  dx 
a  Ji  J0  (1  -  0.005  x)l7§ 

which  when  integrated  and  simplified  yields 

i.a  =  -70.6  [(1  -  0.005  xj1/2  -  1]  (H) 

where  t  is  the  arrival  time  of  the  negative  wave  in  seconds  and  xy  is 
tne  distance  upstream  from  the  dam  in  feet. 

55*  A  generally  applicable  solution  of  the  negative  wave  uiiival 
time  for  any  wedge-shaped  reservoir  is  given  in  equation  12. 


The  upstream  negative 
wave  (base  flow  tests) 

56.  The  arrival  time  of  th»  negative  wave  at  sta'.ions  v; '"trees  Jrom 
the  model  dam  for  the  base  flow  tests  exhibited  considerably  more  scatter 
than  was  encountered  in  the  non-base  flow  tests  (plate  106).  Because  of 
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xhe  nature  of  the  base  flow  tests,  a  velocity  component  in  the  downstream 
direction  was  present  at  each  station.  The  principal  source  of  the  scatter 
arose  from  the  fact  that  positive  detection  of  the  arrival  time  of  the 
negative  wave  was  uncertain  because  of  the  doimstream  motion  of  the  water 
inherent  in  the  base  flow.  Observing  the  arrival  time  of  the  negative  wave 
over  the  first  10  ft  or  so  of  its  motion  (approximately  sta  200  to  sia  190) 
was  impracticable  because  of  the  relatively  low  speed  at  which  the  motion 
picture  cameras  were  operated.  The  time  interval  between  frames  in  most 
cases  was  in  the  order  of  0.07  to  0.125  second,  and  since  the  negative 
wave  in  this  region  is  moving  at  its  greatest  velocity,  the  negative  \r  ,c 
arrival  had  very  often  occurred  during  this  time  interval,  making  inter¬ 
pret'  on  grossly  unv.ert  in.  Since  in  tnir.  region  til.  doimstream  velocicy 
attendant  to  the  base  flow  is  a  minimum  because  of  the  greater  depths  of 
flow,  little  error  will  result  in  using  the  cur/e  derived  from  ‘••he  non¬ 
base  flow  tests. 

57-  If  it  is  assumed  that  the  base  flow  is  distributed  uniformly 
over  the  entire  depth  of  flow  at  each  station,  the  magnitude  of  this  com¬ 
ponent  at  any  station  may  be  determined  from  the  relation  V  =  Q,  /ky. 

Since  is  a  constant,  the  velocity  is  inversely  proportional  to  the 
depth  at  any  given  station  along  the  reservoir.  Based  on  this  assumption, 
the  reservoir  velocity  retards  propagation  of  the  upstream  negative  wave 
vectorally.  Its  influence  is  apparent  in  plate  106  where  experimental 
va3.ues  of  the  arrival  time  lie  generally  above  the  non-base  flow  curve 
shc"’n.  For  values  of  ~  20,  the  experimental  results  diverge  from 
the  curve,  indicating  that  in  the  shallower  reaches  of  the  reservoir,  the 
negative  ’.rave  is  being  retarded  to  a  greater  degree  because  of  the  increase 
in  the  reservoir  velocity  component  produced  by  the  base  flow . 

The  doimstream  positive  wave 
(flood  wave),  nor.- base  flow  tests 

58.  The  arrival  times  of  the  flood  wave  at  selected  ranges  down¬ 
stream  from  the  model  lam  were  determined  firm  the  stage-time  measurements. 
As  was  true  in  the  negative  vave  analysis,  the  arrival  time a  of  the  flood 
waves  ire  re  also  measurable  to  the  nearest  tenth  of  ~  se  .  u.i.1 .  The  times  of 
arrival  of  the  f...ood  wave  as  a  function  of  distance  downstream  from  the  dam 
for  the  non-base  flow  tests  are  shown  in  plates  107- 109-  These  results 


S3 


exhibit  conclusively  that  the  velocity  of  the  downstream  positive  wave  is 
markedly  influenced  by  the  size  of  the  breach  opening,  which  in  turn  deter¬ 
mines  the  discharge  of  the  flood  wave .  To  describe  this  effect  in  a  more 
generalized  manner  and  to  an  acceptable  degree  of  accuracy,  the  slopes  or 
the  various  curves  were  made  constant  by  averaging  the  exponents  of  the 
term  X^  in  the  least-squared  equations  given  in  plates  107-1C9-  This 
transformation  of  the  basic  data  enables  the  phenomena  to  be  described  by 
the  equation: 

ta  =  K  (X^1-16  (13) 

This  equation  may  be  helpful  in  predicting  the  flocd-wavc  arrival  time  at 

any  downstream  station  for  nearly  any  breach  tested  in  the  flume. 

The  downstream  positive  wave 
(fl  wave),  base  f2.c~.  -ests 

59*  The  arrival  times  of  the  flood  wave  at  points  downstream  from 
the  dam  fo::'  the  base  flow  tests  are  presented  in  plate  110.  The  right-  and 
left-hand  ordinate  scales  were  dispersed  by  one  log  cycle  in  order  to  sepa¬ 
rate  the  curves  sufficiently  to  permit  more  accurate  interpolation.  Com¬ 
parison  of  these  results  with  the  non-base  flow  test  results  (plates  107- 
109)  shows  that  the  flood- wave  velocity  is  greater  for  the  base- flow  tests. 
Because  of  the  paucity  of  the  data,  it  was  not  possible  to  analyze  these 
results  in  the  general  manner  used  for  the  non-base  flow  tests. 

Conclusions 

Data- gathering  techniques 

CO.  The  various  methods  employed  in  obtaining  the  data  presented 
herein  are  believed  satisfactory  from  the  standpoint  of  accuracy  and  re¬ 
producibility.  While  ether  methods  of  measurement  were  visualized  (some 
of  which  were  t.icd  daring  preliminary  studies  to  determine  advantages 
of  each  system),  the  method  adopted  and  used  throughout  the  experimental 
phase  of  the  study  is  believed  to  be  the  most  econcmi-.  al  of  the  methods 
considered,  and  to  be  sufficiently  precise. 

Stage- time  measuveme ncs 

Cl.  At  the  dam.  The  depth  of  uaU...  passing  th,w.  4:  a  b  -”,ch  is 
principally  a  function  of  the  size  and  shape  ot  the  breach,  the  volume  of 
reservoir  store; e  that  lies  above  the  bleach  level,  and  the  elapsed  time 
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after  occurrence  of  the  breach.  Since  the  reservoir  volume  and  shape 
remained  constant  throughout  the  study,  no  conclusions  can  be  drawn  -c- 
garding  the  effects  produced  by  varying  parameters  pertinent  to  the 
reservoir  size  or  shape,  t/hen  the  entire  dam  is  removed,  the  initial 
stage  at  t  =  At  (where  At  -*■  0)  is  approximately  .  At  laler  times 
and  for  other  breach  patterns,  the  stage  above  the  bottom  of  the  breach 
(y^)  may  be  determined  from  plates  99  and  ICO. 

62.  Downstream  from  the  dam.  The  depth  of  flow  at  points  downstream 
of  a  breached  dam  will  be  influenced  by  the  volume  of  water  passing  through 
the  breach,  the  cross-sectional  shape  and  alignment  of  the  e..it  channel 
and  the  roughness.  In  this  report  only  the  effect  of  the  volume  of  water 
en+er'ng  xhe  exit  channel  was  varied.  No  definite  '.rend  of  maximum  str^ 
with  cus  ance  downstream  was  established;  however,  tin  maximum  stage  re¬ 
corded  was  0. 3*3  Y  for  the  non-base  flow  test  conditions  and  0.40  Y  for 
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the  maximum  base  flow  conditions.  These  stages  occuired  when  the  entire 
dam  was  removed,  lesser  breaches  resulted  in  decreased  values  of  the 
maximum  stage  (figs.  20  and  21).  A  limiting  value  of  the  downstream  stage 
can  be  estimated  from  the  following  relation, 

yo  Wb 
max 


yd  "  W 
max  c 

is  the  maximum  downstream  stage, 


is  th  maximum 


where  y<j  is  the  maximum  downstream  stage,  y- 
depth  of  water  passing  through  the  breach  during  the  time  interval 
2  <  t  <  5,  u  is  the  width  of  the  breach,  and  is  the  width  of  the 
exit  channel  at  the  downstream  location  where  the  stage  is  desired. 

6.5.  For  all  the  conditions  of  this  test  series,  the  downstream  flood 
wave  initially  showed  an  abrupt  rise  in  stage  followed  by  a  more  gradual 
rise  up  to  the  maximum  stage  which  always  occurred  vithin  30  seconds  of 
the  wave  arrival  uime.  In  general,  the  flood  waves  of  the  base  flow  tests 
individually  had  fewer  stage  irregularities  and  collectively  followed  a 
more  regular  shape  than  those  of  the  non- base  flow  tests. 


Discharge-time  measurements 

64.  At  the  dam.  Experimental  results  for  the  non-bus?  fl  /.’  te"-ts 
shov  that  the  maximum  discharge  through  tne  breach  w«r.  h„n  the 
en' ire  dam  was  removed.  Maximum  discharges  for  less  extensive  breaches 
may  be  determined  from  fig.  22,  while  the  variation  of  discharge  as  a 
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function  of  time  may  tie  obtained  from  curves  plotted  in  plates  101- 103  • 
Since  the  reservoir  shape  remains  constant  in  these  tesws,  it  is  rot  possi¬ 
ble  to  determine  discharge- time  hydrographs  for  varying  reservoir  shapes 
without  using  distorted  scaling. 

65.  The  dam  breaches  of  the  base  flow  tests  resulted  in  a  smaller 
change  of  discharge  at  the  dam  than  did  the  corresponding  breaches  of  the 
non-base  flow  tests.  However,  the  total  discharge  past  the  dam  was  always 
greater  in  the  base  flow  tests. 

66.  Eownstream  from  the  dam.  The  maximum  discharge  at  downstream 
sta  220- 355  was  less  than  the  maximum  discharge  at  the  dam,  but  no  trend 
of  a  gradual  decrease  with  distance  downstream  was  indicated.  When  base 
fir vs  were  introduced,  the  discharge  was  generally  affected  at  the  d<  'n- 
oiit.a;.  stations  in  the  same  mcnn°r  as  at  the  dam  (s.e  paragraph  65). 
negative  wave 

6?.  Experimental  results  verify  that  the  propagation  of  the  negative 
wave  as  a  function  of  time  can  be  determined  analytically  ’..’hen  the  depth  of 
the  reservoir  at  any  point  along  its  length  can  be  expressed  as  a  function 
of  the  distance  upstream  from  the  dam.  Plate  105  shows  the  agreement  be¬ 
tween  the  analytical  solution  and  experiment.  Propagation  of  the  negative 
wave  upstream  is  retarded  by  the  downstream  current  common  to  all  base 
flow  test  conditions.  Experimental  results  plotted  in  plate  106  show  that 
the  retarding  effects  on  the  negative  wave's  propagation  are  more  intense 
in  the  upstream  end  of  the  reservoir  where  the  water  is  shallower. 

Positive  wave  (down¬ 
stream  flood  wave) 

68.  The  downstream  positive  wave  velocity  is  dependent  on  the  dis¬ 
charge  through  the  dam  breacn  so  that  a  single  arrival-time  curve  cannot 
be  used  to  represent  all  the  different  test  conditions.  In  each  test  con¬ 
dition  the  positive  wave  decelerated  as  it  progressed  dc-ract ream.  The 
positive  wave  arrival  sime  at  various  stations  downs  u ream  for  the  non-base 
flow  tests  can  be  represented  by  the  equation 

t  aKfX.)1*16 

where  K  is  a  constant  represei. sing  the  breuea  pattern  or  breach 
discharge. 
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Application  to  prototype  situations 

69.  Extrapolation  of  these  results  to  prototypes  is  limited  to 
those  situations  that  are  geometrically  similar  to  the  conditions  charac¬ 
teristic  of  the  model.  Significant  departures  from  this  restriction  may 
yield  completely  erroneous  results.  Even  if  geometric  similarity  exists, 
these  data  should  not  he  extrapolated  to  prototype  situations  where  the 
linear  dimensions  of  the  prototype  are  greater  than  about  100  times  the 
corresponding  model  dimension.  It  is  believed  that  qualitative  estimates 
of  flood  parameters  can  be  achieved  for  a  scale  ratio  as  high  as  200. 

70.  Procedures  for  extrapolating  these  results  as  well  as  result” 
now  being  interpreted  will  be  the  subject  of  a  final  report.  In  the  final 
report,  studies  will  be  made  to  assess  „I:c  possibility  of  interpreting 
these  data  using  distorted  model  scales.  Assuming  that  distorted- scale 
relations  can  be  developed,  then  evaluation  of  raservoi  rs  of  different 
shapes  will  be  possible. 
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Table  18 

Downstream  Average  Velocity*  Data 
Mon-Ease  Flow  Test  Conditions  3.1  Through  6.1 

Test  Test  Test  Test  Test  alTt 

Condition  1.1  Condition  2.1  Condition  3.1  Condition  4.1  Condition  5.1  Condition  6.1 

Time  Station  Station  Station  Station  Station  Station 

sec  225  28o  350  225  260  350  225  260  350  225  280  350  225  280  350  225  280  350 

0000000000000000000 
2  0  0  0  0  OiO 

5  4.5  1.6  1.1  0  0  0 

7  4.8  2.8  2.6  1.6  1.4  0 

10  4,7  "  3,8  3.4  2.6  2.3  1.4 

12  4.6  0  4.0  0  3.5  ”  2.9  2.6  1.7 

15  4.5  2.6  4.2  3.6  3.7  0  3.0  2.6  1.9 

17  4.4  4.0  4.2  4.2  3-8  0.8  3.0  "  2.7  2.0 


4.3  4.6  t  4.3 
4.2  4.7  0 
4.2  4.7  1.6  4.3 
4.1  4.6  4.1  — 
4.0  4.6  4.4  4.3 
4.0  4.5  4.5  — 
3  0  4.4  4.5  4.3 
?  ■>  —  4.4  — 
3.9  <-2  4.3  4.2 

3*0  4.1  4.?  4.2 


3.8  3.0 

—  3.4 

3.9  3.4 

0  —  3.4 

3.8  4.0  3.4  ” 

4.0  .  0 

4.1  4.0  3*4  2.9 


3.0  0 

—  1.6 
3.0  2.2 

—  2.5 
3.0  2.6 

—  2.6 

^.0  P.6 


4.2  4.0  3.4  3.4  3.0  2.6 

4.2  .  3-4  . 

4.2  4.0  3.4  3-4  3.0  2.6 


—  0 
2.7  1.3 

—  2.0 
2.7  2.1 
—  -  2.1 
?.l  2.3 

2.7  2.1 


3’i 

3.9 

4.1 

4.1 

4.0 

4.1 

3-9 

3.4 

3.4 

3.0 

2.6 

2.6 

2.6 

2.7 

2.1 

0 

1.4 

2.1 

2.0 

2.0 

... 

— 

_ 

— 

— 

— 

— 

— 

— 

2.6 

— 

— 

1.7 

— 

— 

3.6 

3*8 

4.0 

4.0 

3.9 

4.0 

3-9 

3-3 

3-4 

3.0 

2.6 

2.6 

2.7 

2.1 

2.0 

2.1 

2.0 

_ 

... 

_ 

_ 

_ 

— 

_ 

— 

— 

— 

— 

. — 

2.0 

— 

— 

3.4 

3-7 

3-8 

4.0 

3.8 

3.9 

3.8 

3-3 

3.4 

3-0 

2.6 

2.6 

2.7 

2.1 

2.1 

2.1 

2.0 

3.3 

3-5 

3'e 

’”8 

3.7 

3.8 

3-7 

3.2 

3.4 

2.9 

2.6 

2.7 

2.1 

2.1 

2.1 

2.0 

3.1 

3.4 

3.7 

3~8 

3.5 

3.8 

3*6 

3.2 

3-4 

2.9 

2.6 

2.6 

2.7 

2.1 

2.1 

2.1 

2.0 

3.0 

3.4 

3*6 

V.6 

3.4 

3.6 

3.5 

3.1 

3.3 

2.9 

2.6 

2.6 

2.7 

2.1 

2.1 

2.1 

2.0 

2.9  3-2  3.4 

2.7  3-1  3.2 
2.6  3.0  3.0 
2.3  2.6  2.9 

1.8  2.2  2.6 

1.5  2.0  2.4 

1.8  2.1 
1.6  1.8 
1.5  1.7 
1.4  1.5 
1.4  1.4 
1.3  1-3 
1.3  1-2 
1.2  1.1 


3.4  3.5 
3.2  3-4 

3.1  3-3 
3.0  3.1 

2.7  3.0 

2.6  2.7 

2.4  2.6 

2.2  2.4 
2.1  2.2 
1.9  2.1 

1.8  1.9 

1.6  1.8 

1.4  1.7 
1.4  1.6 

1.3  1.4 
1.0  3.1 


3-3  3-0 

3.2  3.0 
3.0  2.9 
3.0  2.8 
2.9  2.6 
2.8  2.6 

2.7  2.6 
2.6  2.6 
2.6  2.5 

2.4  2.4 

2.2  2.3 
2.1  2.2 
1.0  2.2 

1.8  2.1 

1.5  1.9 
1.7 


3.3  2.8  2.6 
3.2  2.8  2.6 

3.2  2.7  2.6 
3.1  2.6  2.6 
3.0  2.5  2.5 
2.9  2.4  2.5 

2.8  2.3  2.5 
2.6  2.2  2.4 

2.6  2.2  2.4 
2.6  2.2  2.3 
2.5  2.2  2.3 
2.4  2.1  2.2 
2.4  2.1  2.2 

2.3  2.0  2.2 
8.2  1.9  2.1 

1.9  1.8  2.0 

1.7  1.7  i.S 
1.5  1.8 
1.4  1.5 


2.6  2.1 
2.6  2.1 
2.6  2.1 
2.6  2.0 
2.5  2.0 
2.5  2.0 


2.2  1.9 
2.2  1.9 
2.2  1.9 
2.2  1.8 
2.1  1.8 
2.0  1.8 
2.0  1.8 
1  8  1.8 
1.8  1.7 
1.8  1.6 
1.6  1.4 
1.4  1.4 

1.3  1.2 

l.l 


Velocity  in  feet  per  second. 


Table  19 

Itownstreaa  Average  Velocity*  Data 
Non-Basie  Flow  Test  Conditions  7.1  Through  12.1 


Test  Condi-  Test  Condi 


Station  Station  Station  Station  Station 


350  225  280  350  22$  280  350  223  2  hO  350  225  280  350  225 
00000  0  000000000 


4.6  0 

—  1.6 
4.6  3.1 

—  :-.2 

4.6  3.4 


4.5  3.9 
4.5  4.2 
—  4.2 
4.4  4.2 

4.4  4.2 


3.1  0 
—  1.1 
3.1  2.2 
—  2.5 
3.1  2.6 


_ 

... 

3.8 

— 

2.7 

— 

0 

4.3 

4.2 

4.0 

3..1 

2.7 

1.8 

1.2 

.... 

4.0 

... 

— 

1.6 

4  3 

4.1 

h.O 

3.0 

2.7 

' 

1.8 

1.7 

... 

4.0 

— 

... 

0 

— 

1.8 

4.2 

3.9 

3.9 

3.0 

2.7 

1.6 

1.8 

1.8 

_ 

... 

... 

... 

2.2 

— 

1.8 

4.2 

3-8 

3.8 

3.0 

2.7 

2.3 

1.8 

1.6 

... 

... 

... 

2.4 

— 

— 

4.0 

3-7 

3-8 

2.9 

2.7 

2.4 

1.8 

1.8 

... 

... 

2.4 

— 

... 

3.9 

3-3 

3-7 

2.9 

2.6 

2.5 

1.8 

1.8 

_ 

3.8 

3-4 

3-6 

2.8 

2.6 

2.5 

1.8 

1.6 

3.7 

3-3 

3.4 

2.7 

2.6 

2.5 

1.7 

1.8 

3-5 

3.1 

3.4 

2.6 

2.5 

2.5 

1.7 

1.8 

3-4 

3-0 

3.2 

2.6 

2.5 

2.5 

1.6 

1.8 

3.2 

3.0 

3.1 

2.5 

2.4 

2.4 

1.6 

1.8 

3.0 

2.9 

3.0 

2.4 

2.3 

2.4 

1.5 

1.8 

2.8 

2.7 

2.7 

2.2 

2.2 

2.3 

1.4 

1.8 

2.4 

2.6 

2.6 

2.0 

2.2 

2.2 

1.4 

1.7 

2.1 

2.3 

2.5 

1.8 

2.1 

2 

•  1 

i.i* 

1.6 

2.0 

2.1 

2.3 

1.7 

1.9 

1-9 

1.3 

1.6 

1.9 

1.9 

2.1 

1.6 

1.8 

1.8 

1.3 

1.5 

1-9 

1.8 

1-9 

1.6 

1.8 

1.6 

1.2 

1.4 

1.8 

1.8 

1.8 

1.5 

1.8 

1 

.5 

1.2 

1.4 

1.6 

1.7 

1.8 

1.4 

1.7 

1.4 

1.2 

1.3 

1.4 

1.7 

1.8 

1.4 

1.7 

1.4 

1.2 

1.3 

1.4 

1.6 

1.7 

1.3 

1.6 

1.4 

1.2 

1.3 

1.2 

1.5 

1.6 

1.3 

1.6 

1.4 

1.2 

1.2 

1.1 

1.4 

l.s 

1  2 

1.5 

1.4 

1.1 

1.2 

1.0 

1.3 

1.1 

1.1 

1.4 

1.1 

1.1 

1.2 

0.8 

1.1 

1.0 

1.0 

1.2 

1.0 

1.0 

1.1 

0.9 

1.1 

0.9 

0.9 

1.1 

0,8 

1.0 

O.'J 

0.7 

1.0 

C.8 

0.7 

I  3.7  ?  | 

—  o'  I 

1.7  1.2 

—  1.5 
1.6  1-6 

—  1.7 

1.6  1.7 

1.6  1.7 

1.5  1.7 

0  . 

0.6  1.5  1.7 

1.1  . 

1.4  1.4  1.7  . 

1.5  . 

1.6  1.4  1.6  0 

1.6  .  0.{ 

1.7  1.4  1.6  O.c 
1.7  1.4  1.6  1.2 
1.7  1.3  1.6  l*1 

1.7  1.3  1.6  l.l 
1.7  1.2  1.5  l.l 
1.7  1.2  1.5  l.l 
1.7  1.1  1.4  l.l 
1.6  1.1  1.4  l.l 
1.5  1.1  1.4  l.j 
1.4  1.1  1.3  1.: 
1.4  1.0  1.3  1.1 
1.3  1.0  1.2  1.: 
1.2  1.0  1.2  l.( 
1.2  1.0  3.2  l.< 

1.1  1.0  1.1  0.5 
1.0  0.9  1-0  0.' 
1.0  0.3  1.0  o.; 
0.9  0.8  l.o  0.! 
0.8  0.6  1.0  0.1 


4.4 

3-4 

1.6 

2.1 

.4 

... 

... 

2.7 

— 

1.0 

4.2 

3-4 

3.0 

2.1 

1.7 

... 

... 

3.0 

— 

1.0 

4.2 

3.4 

3.0 

2.1 

1.8 

4.2 

3.3 

3-0 

2.1 

1.8 

4.1 

3.2 

3.0 

2.1 

1.8 

4.0 

3-2 

3.0 

2.1 

1.8 

3-9 

3.1 

i." 

2.1 

1.3 

j 

3-8 

3.0 

3.0 

2.0 

1.8 

0. 

... 

... 

... 

... 

1. 

3.8 

3-0 

3.0 

2.0 

1.8 

1. 

... 

... 

... 

1. 

3.6 

2.9 

3.0 

2.0 

1.8 

1. 

3.5 

2.8 

2.9 

2.0 

1.8 

1. 

3.4 

2.7 

2.9 

1-9 

1.8 

1. 

3-1 

2.6 

2.8 

1-9 

1.7 

1. 

2.9 

2.5 

2.6 

1.8 

1.7 

1. 

2.6 

2.4 

2.6 

1.8 

1.6 

1. 

2-5 

2.2 

2.4 

1.7 

1.6 

1. 

2.3 

2.1 

2.2 

1.7 

1.5 

1, 

2.2 

2.C 

£72 
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